Xing J, Moldobaeva N, Birukova AA. Atrial natriuretic peptide protects against Staphylococcus aureus-induced lung injury and endothelial barrier dysfunction.
cytoskeleton; pulmonary endothelium; inflammation; vascular leak SEPSIS IS THE 10TH LEADING cause of death in the United States (43) . Analysis of national age-adjusted sepsis mortality in the US shows ϳ200,000 incidents per year (67) . Sepsis is a major contributor to development of acute respiratory distress syndrome, which yields unacceptably high mortality rates, reaching 35-40% (42) . About 50% of all cases of sepsis have been reported to be caused by gram-positive bacteria (53) . The presence of Staphylococcus aureus has also been associated with the acquisition of late-onset ventilator-associated pneumonia (VAP) in critically ill patients and represented 21% of recovered organisms in the bronchoalveolar lavage (BAL) (24) . In the other report, Staphylococcus aureus (of which 65.8% are methicillin resistant) was defined as a major risk factor for VAP, representing 27.1% of the principal microorganisms causing VAP (25) .
Although the role of lipopolysaccharide (LPS) in development of gram-negative septic shock is well established, pathological mechanisms triggered by gram-positive organisms leading to lung dysfunction or septic shock are less well understood. Peptidoglycan (PepG) and lipoteichoic acid (LTA) are two major cell wall components in gram-positive bacteria. Both PepG and LTA stimulate inflammatory responses in vivo and in vitro via activation of toll-like receptors (TLRs) (32, 68) . In the lungs, both LTA and PepG induce acute pulmonary inflammation in a dose-dependent way, as characterized by neutrophilic influx and IL-6 production in the BAL fluid (36) . LTA and PepG may also synergize to cause shock and multiple systems failure (17) .
Of the 10 TLRs known, only TLR-2 is clearly shown to be involved in the host defense against gram-positive bacteria, but it also recognizes lipoproteins from other bacterial species (48, 58) . TLR activation in the endothelial cells (ECs) induces phosphorylation/activation of downstream targets, including mitogen-activated protein kinases (MAPK) p42/p44, JNK1/2 and p38, and nuclear factor-B (NF-B) (2) . NF-B normally localizes to the cytoplasm, where it is bound by the inhibitory IB proteins (IB␣, IB␤, IB⑀). Activation of inflammatory signaling leads to IB phosphorylation by IB kinase and subsequent degradation by the proteasome. IB degradation causes NF-B release and translocation to the nucleus, where it triggers the transcription of proinflammatory cytokines, such as TNF-␣, IL-1␤, IL-6, and IL-8 (16) . Consistent with its key role in mediating inflammatory signaling from gram-positive bacteria, short interfering RNA-induced knockdown of TLR-2 decreases Raf phosphorylation and suppresses TLR-2-mediated activation of Raf-MEK1/2-ERK1/2-IKK-NFkappaB cascade (13) .
Small Rho GTPases appear to be activated by TLR signaling (54) , as stimulation of TLR-2 receptor caused rapid activation of Rho GTPase (61) . Because Rho pathway plays a major role in the endothelial cytoskeletal remodeling and actomyosin contraction via increased phosphorylation of myosin light chains (MLC), which leads to lung EC barrier failure (5, 9, 52), this study examined the effects of LTA and PepG on Rhodependent phosphorylation of cytoskeletal Rho target, myosinbinding subunit of myosin-associated phosphatase type 1 (MYPT-1), and the levels of phosphorylated MLC.
Natriuretic peptides (atrial, brain, and C-type) regulate a variety of physiological functions, including vascular tone, plasma volume, and renal function. In addition to well-established diuretic, natriuretic, and vasodilatory effects in the cardiovascular system (see Ref. 3 for review), atrial natriuretic peptide (ANP) exhibits other important biological activities. ANP may protect endothelial barrier function in vivo and in vitro apart from its vasodilatory and natriuretic effects (22, 27, 28, 45) . These modalities suggest a potential role for ANP in the regulation of the lung function in the settings of acute lung injury (ALI) associated with sepsis, inflammation, and prolonged mechanical ventilation (19, 45) .
We hypothesized that ANP may exhibit more general protective effects on lung inflammation and EC barrier dysfunction caused by gram-negative and gram-positive bacterial compounds by suppressing inflammatory cascades and barrier disruptive mechanisms, which may be shared by gram-negative and gram-positive pathogens. We tested signaling pathways activated by LTA and PepG in the pulmonary ECs and in lung tissue, linked them with changes in vascular permeability, and examined effects of ANP in the modulation of lung vascular dysfunction induced by components of gram-positive bacteria.
MATERIALS AND METHODS
Cell culture and reagents. Human pulmonary artery ECs (HPAECs) were obtained from Lonza (Allendale, NJ). Cells were maintained in a complete culture medium, according to the manufacturer's recommendations and used for experiments at passages 5-9. ANP was purchased from Ana Spec (San Jose, CA). Phospho-HSP, phospho-p38, phospho-ERK1/2, phospho-MLC, phospho-IB␣, and IB␣ antibodies were obtained from Cell Signaling (Beverly, MA); phospho-MYPT antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). Reagents for immunofluorescence were purchased from Molecular Probes (Eugene, OR). SB-203580 was obtained from Calbiochem (La Jolla, CA). Unless specified, biochemical reagents, including LTA and PepG, were obtained from Sigma (St. Louis, MO).
Measurement of transendothelial electrical resistance. Measurements of transendothelial electrical resistance (TER) across confluent HPAEC monolayers were performed using electrical cell-substrate impedance sensing system (Applied Biophysics, Troy, NY), as previously described (7, 10) . In brief, cells were cultured on small gold electrodes (10 Ϫ2 mm 2 ), and culture media were used as electrolyte. The total electrical resistance was measured dynamically across the monolayer and was determined by the combined resistance between the basal surface of the cell and the electrode, reflective of focal adhesion, and the resistance between cells. The small gold electrodes and the larger counter electrodes (100 mm 2 ) were connected to a phase-sensitive lock-in amplifier (5301A; EG&G Instruments, Princeton, NJ) with a built-in differential preamplifier (5316A; EG&G Instruments). A 1-V, 4,000-Hz alternating current signal was supplied through a 1-M⍀ resistor to approximate a constant-current source. Voltage and phase data were stored and processed with a personal computer that controlled the output of the amplifier and relay switches to different electrodes. Experiments were conducted only on wells that achieved Ͼ1,000 ⍀ (10 microelectrodes/well) of steady-state resistance. Resistance was expressed by the in-phase voltage (proportional to the resistance), which was normalized to the initial voltage and expressed as a fraction of the normalized resistance value.
Immunoblotting. After stimulation, cells were lysed, and protein extracts were separated by SDS-PAGE, transferred to nitrocellulose membrane, and probed with specific antibodies, as described elsewhere (4, 10) .
Immunofluorescence. Endothelial monolayers plated on glass coverslips were treated with agonist of interest, then fixed and subjected to immunofluorescence staining for F-actin, as previously described (6, 7).
In vivo model of ALI. All animal care and treatment procedures were approved by the University of Chicago Institutional Animal Care and Use Committee and were handled according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Adult male C57BL/6J mice, 8 -10 wk old, with average weight of 20 -25 g (Jackson Laboratories, Bar Harbor, ME), were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and acepromazine (1.5 mg/kg). Bacterial LPS (0.63 mg/kg body wt; Escherichia coli O55:B5), LTA (2.5 mg/kg), PepG (2.5 mg/kg), both from Sigma (St. Louis, MO), a mixture of LTA and PepG, or sterile saline solution were injected intratracheally in a small volume (20 -30 l) using a 20-gauge catheter (Penn-Century, Philadelphia, PA). Mice were randomized to concurrently receive sterile saline solution or ANP (2 g/kg) by intravenous injection in the external jugular vein to yield the experimental groups: control, (LTA ϩ PepG), ANP, and ANP ϩ (LTA ϩ PepG). At 24 h, animals were killed by exsanguination under anesthesia. Tracheotomy was performed, and the trachea was cannulated with a 20-gauge intravenous catheter, which was tied into place. Measurements of cell count and protein concentration in BAL fluid were performed as previously described (8, 20) . Evans blue dye (30 ml/kg) was injected into the external jugular vein 2 h before termination of ventilation to assess vascular leak, as described previously (47, 50) . Histological assessment of lung injury was performed, as descried elsewhere (20, 50) .
ANP knockout mice. Mice with targeted disruption of ANP gene (strain B6.129P2-Nppa tm1Unc /J) were purchased from the Jackson Laboratories (Bar Harbor, ME). Genotyping of NppaϪ/Ϫ mice was performed by PCR analysis of genomic DNA extracted from tail snips with assistance of animal core facility. Similar to experiments described above, male 8-to 10-wk-old homozygous NppaϪ/Ϫ and wild-type animals were anesthetized, and a mixture of LTA (2.5 mg/kg) and PepG (2.5 mg/kg) was administered intratracheally, with or without intravenous ANP (2 g/kg) injection. At 24 h, animals were killed by exsanguination under anesthesia, and parameters of lung injury were evaluated by measurements of BAL cell count and protein concentration.
Statistical analysis. Results are presented as means Ϯ SD of three to six independent experiments. Stimulated samples were compared with controls by unpaired Student's t-test. For multiple-group comparisons, a one-way ANOVA, followed by the post hoc Tukey test, were used. P Ͻ 0.05 was considered statistically significant.
RESULTS

LTA induces barrier dysfunction in pulmonary endothelium.
Dose-dependent (50 -300 ng/ml) effects of LTA derived from Staphylococcus aureus on pulmonary EC permeability were assessed by measurements of TER, as described in detail in MATERIALS AND METHODS. All LTA concentrations significantly decreased TER after 4 -5 h, and maximal response was observed after 10 h of treatment (Fig. 1A ). All following in vitro experiments were performed using 100 ng/ml LTA. Activation of intracellular signaling by LTA was evaluated by increases in phosphorylation of signaling proteins involved in stress and inflammatory cascades.
LTA caused time-dependent phosphorylation of stress-activated p38 MAP kinase and its downstream target Hsp27, and increased phosphorylation of ERK1/2 MAP kinase at later time points (Fig. 1B, top panels) . LTA caused degradation of IB␣, an inhibitory subunit of NF-B complex (Fig. 1B , middle panels), which leads to activation of NF-B-dependent transcription.
Recent reports, including our works, show the role of Rho signaling in the increased lung vascular endothelial permeability induced by LPS (60), protease-activated receptor 1 activa-tors (10, 29) , transforming growth factor-␤ (5, 15), or ventilation at high tidal volume (50) . Treatment of EC with LTA caused time-dependent phosphorylation of MYPT-1 at the Rho kinase-specific site, leading to increased MLC phosphorylation (Fig. 1B , bottom panels). These parameters reflect EC contraction associated with activation of Rho pathway (10, 64) .
PepG increases endothelial permeability. The following experiments tested effects of the other proinflammatory compound derived from Staphylococcus aureus, PepG, on the lung EC permeability. Cells were incubated in the range of PepG concentrations (50 -300 ng/ml) and used for measurements of TER. No significant effects were observed at lower PepG concentration (50 ng/ml), while higher concentrations induced pronounced permeability response with maximal levels observed at 300 ng/ml PepG ( Fig. 2A) . Maximal TER decline was observed after 5-6 h of PepG challenge. PepG at 300 ng/ml was used for the further experiments. Activation of inflammatory and barrier disruptive signaling by PepG was further assessed by Western blot analysis of stress kinase, Rho, and NF-B cascade activation. Similar to LTA, PepG caused timedependent activation of ERK1/2 and p38 MAP kinase and increased phosphorylation of p38 MAPK downstream effector Hsp27 (Fig. 2B, top panels) . PepG also induced degradation of IB␣ (Fig. 2B , middle panels) and promoted sustained phosphorylation of MYPT-1 and MLC after 2 h of treatment (Fig.  2B, bottom panels) . Collectively, these data show significant barrier disruptive effect of PepG on pulmonary endothelium.
ANP attenuates hyperpermeability induced by LTA and PepG. Effects of ANP on EC dysfunction induced by LTA or PepG were further examined using the measurements of TER. HPAEC were pretreated with ANP (20 min), followed by incubation with LTA or PepG for up to 15 h. ANP dramatically attenuated disruptive effects of both LTA and PepG (Fig. 3A) . Effects of ANP on the EC cytoskeletal remodeling induced by LTA or PepG were next examined by immunofluorescence staining and visualization of actin cytoskeleton in pulmonary EC after 6 h of LTA or PepG treatment, with the time point corresponding to pronounced increase in EC monolayer permeability. Consistent with permeability data, treatment of lung EC with LTA or PepG induced formation of actin stress fibers and cell contraction, leading to paracellular gap formation, which reflects EC monolayer barrier compromise (Fig. 3, B and  C) . These results depict potent protective effects of ANP against EC barrier dysfunction caused by components of grampositive bacteria.
ANP suppresses inflammatory signaling activated by LTA and PepG. Protective effects of ANP on pulmonary EC barrier were further linked to ANP-induced attenuation of signaling pathways activated by LTA and PepG. HPAEC were pretreated with ANP and stimulated with LTA or PepG for 1, 3, or 6 h. Effects of ANP on activation of p38 MAPK, Rho, or NF-B pathways were evaluated by Western blot. ANP did not affect the ERK1/2 MAPK phosphorylation induced by LTA challenge (data not shown), but significantly attenuated LTAinduced p38 MAPK and MYPT phosphorylation and IB␣ subunit degradation (Fig. 4A) . Similar inhibitory effects of ANP on inflammatory and Rho-mediated signaling were observed in the PepG-treated cells (Fig. 4B) .
Combined LTA and PepG treatment augments EC barrier dysfunction. Because both LTA and PepG are present during gram-positive infection, the next experiments examined poten- Fig. 1 . Effects of lipoteichoic acid (LTA) on pulmonary endothelial cell (EC) barrier function and inflammatory signaling. A: EC grown on microelectrodes to confluence were treated with LTA (50, 100, 200, or 300 ng/ml, indicated by arrow) and used for measurements of transendothelial electrical resistance (TER). B: human pulmonary artery EC (HPAEC) were challenged with LTA (100 ng/ml) for indicated periods of time. Phosphorylation (p) of p38, Hsp27, ERK1/2, myosin-associated phosphatase type (MYPT), and myosin light chain (MLC) was determined by Western blot with corresponding phospho-specific antibodies. Degradation of IB␣ was detected using pan IB␣ antibodies. Equal protein loading was confirmed by determination of ␤-tubulin content in total cell lysates. Results are representative of three to six independent experiments. Result of densitometry are shown as means Ϯ SD. *P Ͻ 0.05, compared with vehicle (Veh) control. RDU, relative densitometric units.
tial synergy between LTA and PepG barrier disruptive effects and evaluated protective effects of ANP in this model. Permeability changes in pulmonary EC cultures treated with various doses of LTA, PepG, or their combination were monitored by the measurements of TER. Combination of LTA (100 ng/ml) and PepG (300 ng/ml) caused more pronounced decline in TER compared with the EC treatment with either LTA or PepG alone (Fig. 5A, left) . Immunofluorescence analysis of (LTA ϩ PepG) EC monolayers showed significant cell collapse (data not shown), and lower LTA and PepG doses were further tested. Combined LTA and PepG cotreatment at submaximal doses (50 and 100 ng/ml, respectively) again caused more prominent permeability increase, compared with LTA or PepG alone (Fig. 5A, right) . ANP pretreatment significantly decreased hyperpermeability induced by combined stimulation with LTA and PepG (Fig. 5B) . In agreement with these data, ANP pretreatment also markedly inhibited paracellular gap formation and disruption of cell-cell junctions in EC monolayers treated with combination of LTA and PepG ( Histological analysis of lung tissue sections stained with hematoxylin and eosin revealed that, in contrast to control or ANP-treated animals, combined treatment with LTA and PepG induced neutrophil infiltration in the lung parenchyma and caused appearance of areas of alveolar hemorrhage indicative of vascular disruption. Consistent with BAL data, ANP administration abolished these effects (Fig. 6B) .
ANP protects against lung vascular leak induced by LTA and PepG. Effects of ANP on the lung vascular leak induced by LTA and PepG were evaluated by measurements of Evans blue extravasation into the lung tissue. Evans blue dye was Fig. 2 . Effects of peptidoglycan (PepG) on EC barrier function and inflammatory signaling. A: EC monolayers grown on microelectrodes were treated with PepG (50, 100, 200, or 300 ng/ml, indicated by arrow) and used for permeability measurements. B: HPAEC were stimulated with PepG (300 ng/ml) for indicated periods of time. Phosphorylation of p38, Hsp27, ERK1/2, MYPT, and MLC was determined by Western blot with corresponding phospho-specific antibodies. Degradation of IB␣ was detected using pan IB␣ antibodies. Equal protein loading was confirmed by determination of ␤-tubulin content in total cell lysates. Results are representative of three to six independent experiments. Result of densitometry are shown as means Ϯ SD. *P Ͻ 0.05, compared with vehicle control. intravenously injected 2 h before termination of the experiment. Combined administration of LTA and PepG induced prominent Evans blue leakage from the vascular space into the lung parenchyma, which was dramatically suppressed by a single injection of ANP (Fig. 7A) . Quantitative analysis of Evans blue-labeled albumin extravasation in the lung tissue confirmed these results and showed significant increase of Evans blue dye accumulation in the samples from the animals treated with LTA-PepG combination (19.68 Ϯ 5.49 vs. 6.96 Ϯ 4.80 g/g wet weight lung in nontreated controls, P Ͻ 0.05). These effects were diminished in ANP-treated animals (11.37 Ϯ 4.12 vs. 19.68 Ϯ 5.49 g/g wet weight lung in LTA/PepG, P Ͻ 0.05), (Fig. 7B) .
ANP-deficient mice develop more severe injury in response to LTA and PepG. We evaluated parameters of ALI induced by (LTA ϩ PepG) in ANP knockout mice (strain B6.129P2-Nppa tm1Unc /J). After 24 h of intratracheal administration of (LTA ϩ PepG), parameters of lung injury in ANPϪ/Ϫ mice and matched controls were analyzed by measurements of BAL cell count and protein content. Compared with wild-type controls, ANPϪ/Ϫ mice developed more severe lung injury in response to LTA and PepG with a 1.7-fold increase in cell counts (4.29 Ϯ 1.60 vs. 2.52 Ϯ 1.11 ϫ 10 6 cells/ml in wild-type controls, P Ͻ 0.02) and nearly 1.5-fold increase in protein concentration in BAL fluid samples (1.54 Ϯ 0.54 vs. 1.10 Ϯ 0.19 mg/ml in wild-type controls, P Ͻ 0.04) (Fig. 8A) .
To further evaluate the role of ANP in the development of ALI, we performed rescue experiments. ANP knockout mice were injected with ANP simultaneously with intratracheal administration of LTA/PepG for 24 h, and parameters of lung injury were compared between ANP knockout mice treated with ANP or vehicle. A single ANP injection decreased parameters of LTA/PepG-induced lung injury, as detected by BAL cell counts (3.24 Ϯ 1.11 vs. 5.27 Ϯ 1.47 ϫ 10 6 cells/ml in LTA/PepG-treated NppaϪ/Ϫ mice, P Ͻ 0.05), and protein content (1.05 Ϯ 0.28 vs. 1.66 Ϯ 0.49 mg/ml in LTA/PepGtreated NppaϪ/Ϫ mice, P Ͻ 0.05) (Fig. 8B) .
DISCUSSION
The main finding of this study is protective effects of ANP in the model of lung injury induced by components of grampositive pathogens, LTA and PepG. TLRs play an essential role in the activation of innate immunity by recognizing specific patterns of microbial components (30) . The present results and our laboratory's previous report (70) demonstrate common proinflammatory and barrier-disrupting mechanisms triggered by gram-negative (LPS) and gram-positive (LTA, PepG) bacterial products, which mainly engage TLR-2 and TLR-4 and, by inflammatory cytokine, TNF-␣ acting via its own receptor. All four agents caused sustained activation of p38 and ERK1/2 MAP kinases, increased phosphorylation and degradation of negative regulator of NF-B signaling IkB␣, and increased Rho-kinase-mediated phosphorylation of MYPT-1, leading to accumulation of phosphorylated MLCs. Consistent with protective effects on EC permeability and monolayer integrity, ANP dramatically attenuated activation of inflammatory and barrier-disruptive signaling. These data suggest that ANP may target a signaling hub shared by LTA, PepG, LPS, and TNF-␣ signaling pathways, thus leading to inhibition of NF-B, p38 MAPK, and Rho barrier-disruptive signaling. These events may determine protective effects of ANP in vitro and in vivo. Further studies are required to more precisely elucidate specific targets affected by ANP.
Studies using combined treatment with LPS and LTA/PepG show that blood-gas exchange impairment and pulmonary vascular hyperpermeability are dramatically enhanced in mice given PepG after LPS stimulation, indicating development of more severe ALI. This occurred because LPS significantly upregulated TLR-2 mRNA and protein levels in mouse lungs. That study suggested that the priming effect of LPS on PepGinduced lung injury and death was achieved by NF-B-mediated upregulation of TLR-2 (41) . Because our studies show that ANP efficiently suppresses signaling mediated by both TLR-2 and TLR-4 receptors, it may abolish LPS-induced priming of TLR-2 expression and thus more efficiently suppress severe ALI on combined infection by gram-negative and gram-positive bacteria.
Our results show enhanced LTA/PepG-induced lung injury in the ANPϪ/Ϫ mice and thus further suggest protective effects of endogenous ANP against septic agents. In turn, stress, sepsis, and inflammation also stimulate natriuretic peptide expression in vivo by transcriptional mechanisms (57, 65) . These findings suggest that, although plasma levels of ANP and BNP become elevated 10-to 30-fold in patients with septic shock (62), the precise causal relationship between ANP elevation and severity of ALI remains to be investigated. For example, introduction of ANP reduced mortality rate, showed beneficial effect in patients with ALI (46) , and improved endothelial barrier function (11, 23, 35) .
It is important to note that control of vascular permeability by ANP depends on specific pathophysiological conditions. One basic physiological function of ANP is control of the body hypovolemic reactions and basal control of circulating fluid. Inhibition of ANP signaling in mice with endothelial-specific knockout of ANP receptor-A (NPR-A) leads to significant arterial hypertension and cardiac hypertrophy due to increased total plasma volume, despite full preservation of the direct vasodilating effects of ANP (55) . In turn, intravenous ANP administration acutely enhanced the rate of albumin clearance from the circulatory system in control but not in EC-specific NPR-A knockout mice. ANP barrier-protective effects were observed in ALI and endothelial dysfunction caused by acid aspiration (59), LPS or oleic acid administration (28, 44), or oxidant generation (38) , but other studies describe increased vascular endothelial barrier dysfunction, tissue injury, and mortality. In isolated mouse lungs, exogenous ANP added to the perfusate caused sevenfold increase in the filtration coefficient, only if lungs were subjected to ischemia-reperfusion (18) . During experimental coronary occlusion in mice, ANP increased P-selectin, neutrophil infiltration, infarct size, expression of inflammatory surface molecule P-selectin, and mortality (26) . Taken together, these contrasting data emphasize the importance of the understanding of specific signaling mechanisms targeted by ANP and suggest that beneficial effects of ANP may depend on particular pathological condition and ANP concentration.
Activation of stress-induced MAP kinases p38 and JNK increases endothelial permeability via weakening of cell-cell junctions and remodeling of actin cytoskeleton, and these changes can be reversed by corresponding pharmacological inhibitors (31, 51, 63) . Inhibition of p38 MAPK by specific inhibitor SB-203580 attenuated the pulmonary inflammatory responses, neutrophil recruitment, total protein content in BAL fluid, activation of NF-B, and inflammatory cytokine release, and reduced the mortality rate of LPS-induced ALI (34, 37) . The results of this study show that components of grampositive bacteria LTA and PepG also induced phosphorylation of IB, p38, and ERK1/2 MAP kinases, which may be efficiently attenuated by injection of exogenous ANP.
Protective effects of ANP may be associated in part with its anti-inflammatory activities. Indeed, pretreatment with ANP attenuated effects of LTA and PepG on p38 MAPK and IkB, but not ERK1/2 MAPK phosphorylation. These data are in agreement with previous findings of ANP-mediated inhibition of vascular endothelial permeability, TNF-␣ secretion, and inflammatory signaling induced by LPS, hypoxia, or TNF-␣ challenge (22, 28, 33) . Although inhibitory effects of ANP on inflammatory signaling induced by LPS or LTA/PepG shown in this study are evident, precise molecular mechanisms underlying anti-inflammatory ANP effects remain to be investigated.
This study also demonstrates the involvement of Rhodependent signaling in the inflammatory responses induced by Staphylococcus aureus-derived components. How may Rho become activated by TLR-2 ligation? Recent study showed that both Src and Rho were required for full NF-B activation caused by TLR-2 ligands. Rho activation was reported downstream of TLR-2-MyD88 (40) . The authors proposed a possible mechanism of TLR-2-dependent Rho activation via Rhospecific guanine nucleotide exchange factor AKAP13 recruited by activated TLR-2 (40) . This mechanism requires further verification. A role of Rho signaling in promotion of endothelial permeability is well known. Rho and its downstream target, Rho-associated kinase (Rho-kinase), may catalyze direct MLC phosphorylation, or act indirectly via inactivation of MLC phosphatase by phosphorylating its amino acid residues Thr 695 , Ser 894 , and Thr 850 (21, 64, 66) , the events leading to actomyosin-driven cell contraction and EC barrier compromise. In addition, Rho-driven cell contraction is associated with disassembly of endothelial adherens junctions (12, 69) . In addition to direct effects on EC permeability, Rho activation by endotoxin may stimulate transcription of proinflammatory genes, while inhibition of Rho signaling reduced expression of TNF-␣, CXC chemokines, leukocyte infiltration, and endotoxin-induced lung edema (56, 60) .
What are potential mechanisms driving ANP-dependent attenuation of LTA/PepG-induced Rho activity? Recent reports have evaluated protective effects of ANP against human pulmonary macrovascular EC permeability induced by thrombin and described Rac-dependent, barrier-protective mechanism via ANP-mediated inhibition of Rho. In that case, ANPinduced Rac activation was mediated by PKA-and Epac-Rap1/ Tiam1/Vav2-dependent signaling cascades (11, 35) . A recent report demonstrates that ANP suppresses Rho signaling and lung dysfunction caused by LPS (70) . Our data show that LTA/PepG-induced activation of Rho pathway in human pulmonary EC is also attenuated by ANP. This attenuation markedly reduced LTA/PepG-triggered EC permeability in vitro and lung dysfunction in vivo. Collectively, these data strongly suggest that suppression of barrier-disruptive Rho signaling caused by edemagenic agonists, endotoxin, or compounds of gram-positive bacteria may be a common barrier-protective mechanism elicited by ANP. Of note, live bacteria may trigger additional inflammatory cascades and engage other cell types and cellular processes, such as bacteria killing and phagocytosis. Thus further studies are required for comprehensive evaluation of beneficial effects of ANP in the models of lung dysfunction caused by Staphilococcus aureus.
Published studies suggest that different vascular compartments in the lung may exhibit differential permeability responses to pathological interventions or specific pharmacological compounds (39) . For example, the direct activation of store-operated channel Ca 2ϩ entry increased extra-alveolar, but not alveolar, EC permeability (14) . Thus certain agonists differentially affect micro-and macrovascular permeability (reviewed in Ref. 1), reflecting phenotypic differences of endothelium from these beds, while other inflammatory stimuli induce global endothelial dysfunction in the lung vasculature. We observed fluid accumulation in both the alveolar space and the areas surrounding larger vessels. These results suggest that LTA/PepG-induced ALI was associated with macro-and microvascular endothelial barrier dysfunction. It is also possible that transition from increased extra-alveolar to capillary endothelial permeability may also depend on the duration of insult. For example, perivascular cuffing occurred first and was followed by alveolar flooding in isolated dog lungs under conditions of increased hydrostatic pressure (49) . Thus global permeability increase in the LTA/PepG model of ALI observed after 16 -24 h in this study does not exclude the possibility of differential changes in lung macro-and microvascular permeability at earlier times.
In summary, these data show potent in vitro and in vivo protective effects of ANP against lung injury and pulmonary endothelial leak induced by components of gram-positive bacteria and suggest a mechanism of such protection via ANPmediated inhibition of p38 stress MAP kinase, decreased IkB degradation, and reduction of Rho pathway activated by LTA and PepG. ANP markedly attenuates these pathological mechanisms and thus may have important implications in therapeutic strategies aimed at the treatment of sepsis and ALI-induced gram-negative and gram-positive bacterial pathogens, or their combination. However, care should be taken in consideration of ANP therapy in other conditions, such as ventilator-induced lung injury, where excessive cGMP elevation caused by ANP may have detrimental effects.
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